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ABSTRACT
Multi-channel polydimethylsiloxane rubber traps were used to sample the headspace of rosemary samples (two essential oils
from different sources, one oleoresin and one dried herb) followed by comprehensive two-dimensional gas chromatography –
time of flight mass spectrometry (GCxGC-TOFMS) or GC-MS analyses. The aroma of different headspace samples was character-
ized using a custom-built olfactory apparatus. The differences between the aroma profiles were evident from bubble plots of the
perceived aroma at different temperatures. The samples were heat-treated to simulate cooking of food products, and were then
reassessed to determine any changes in the aroma profile. It was found that the intense menthol and cooling aromas subsided in
all the samples with heating. GCxGC-TOFMS allowed for separation of the numerous components in the headspace samples.
Many terpenes and aliphatics were thus tentatively identified and the relative peak areas were compared to better understand the
mixture that contributes to the rosemary aroma.
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1. Introduction
Rosemary has been a popular culinary herb for centuries due
to its camphoraceous, fresh and cooling aroma. Recently, it has
been found that rosemary does indeed possess many of the
properties it was rumoured to have in ancient times such as
antimicrobial and antioxidant characteristics.1,2 The herb has
many varieties, of which Rosmarinus officinalis L. is most often
used in culinary applications. Of this species, rosemary of
Tunisian origin is considered to be of the finest quality.3
The many important uses of rosemary, the drive towards
natural products (of the ‘organic’ type) and the fact that the food
industry is generating millions of dollars worldwide, means that
a study of the aroma of rosemary is most relevant. It would be
highly advantageous to the industry if the popular aroma of
rosemary could be produced at a fraction of the cost of the fine
essential oils. This is the challenge of many flavour and perfume
chemists today, and what this study has been taking steps
towards achieving: to produce a cost-effective yet nature-
identical rosemary additive.
This study was based on the premise that an understanding of
the key odourants of rosemary can be used to create its aroma.
The long-term goal is to be able to either modify a cheaper
oleoresin based product, or to create the aroma from individual
aroma compounds. The work described here concentrated on
method development and first results are presented as a starting
point for professional sensory science studies.
The whole aroma of rosemary has been described as
‘camphory, cooling and eucalyptus’ with citrus, bark, spice and
woody notes also being present.4 Guillén and co-workers
reported that essential oil character varies with geographical
location and environmental conditions of cultivation.5 Other
factors that may influence the composition of herb samples are
species and variety, as well as the time of harvest and processing
method. It has been reported that rosemary essential oils contain
camphor, 1,8-cineole (eucalyptol), camphene and myrcene in
highest concentrations, with sabinene, terpinene, linalool,
borneol and caryophyllene at lower concentrations.5 The com-
pounds contained in rosemary can be classified into four major
groups namely terpenes (isoprenoids), aliphatics, benzenoids
and unclassified (miscellaneous) compounds.6 It has further
been suggested that verbenone is responsible for the characteris-
tic odour of rosemary.6
Investigations have been conducted on the effects of drying
herbs such as basil7 and rosemary.8 However, these studies were
motivated by understanding the changes in composition and
not by the goal of reconstitution of the herb. The temperature-
induced changes in the aroma profile in this study were used
directly in order to identify the major rosemary odourants across
a broader temperature range. This has significant implications
on the end result of reconstitution when applied to cooking
applications.
There are significant data to suggest that the aroma of food-
stuffs arises as a result of only a small fraction of compounds
present in the volatiles profile, resulting in intensive data-
processing to distinguish the odour-active compounds within
the whole range of volatiles present.9 The critical step of sample
preparation in flavour analysis must be chosen carefully to ensure
reproducibility, sensitivity and no chemical modification. Tech-
niques commonly used are liquid/liquid extraction, solid-phase
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extraction, extraction with liquid CO2, and headspace extrac-
tion.10 Headspace extraction techniques are solvent-free and do
not sample non-volatile compounds with no odour activity,
which simplifies the chromatography considerably. Extraction
of volatiles from the food matrix may lead to decomposition or
artefacts depending on the extraction method, and for this rea-
son headspace extraction is simpler, cheaper and more environ-
mentally friendly in the context of this study.9
The volatile nature of odour-active compounds makes the
essential oil samples perfect candidates for gas chromatography.
Analytical detectors are not as sensitive as the human nose for
aroma compounds due to the influence of odour thresholds and
thus analytical techniques have been built around olfactometric
analysis such as gas chromatography – olfactometry (GC-O) and
the electronic nose.9 The lack of sensitivity, limited reproducibility
and single-compound identification in GC-O minimizes the
efficacy of the technique.9 The complex nature of organic com-
pounds in aroma analysis is well studied using GCxGC-TOFMS
as a result of its superior separation capabilities.11
Multi-channel open tubular traps (MCTs) with PDMS
(polydimethylsiloxane) channels (Fig. 1) have been reported to
concentrate semi-volatile compounds well and maintain good
gaseous flow rates due to their open tubular design.12–14 These
traps were used for headspace sampling of the herb samples for
both chromatographic and olfactory analysis. Headspace
sampling is convenient in aroma analysis by virtue of the fact
that the aroma is solvent-free and there are no solvent–odourant
interactions to consider. The approach is very simple and cost-
effective; no purge-and-trap methods need to be employed due
to the full aroma of the herb preparations. The MCT is then
thermally desorbed directly into the GC-MS, or is inserted
directly into the custom-built heating device for off-line olfac-
tory assessment.
The work reported here is on the identification of likely key
odorants in the headspace of four rosemary samples using
GC-MS and GCxGC-TOFMS, as well as the olfactory analysis of
all four samples at room temperature and heated to different
temperatures.
2. Experimental
2.1. Rosmarinus officinalus L. Samples
Samples comprised an essential oil of Tunisian origin, a South
African oil, an oleoresin from the same local producer and a
batch of finely ground dried herb. All samples were stored
sealed in a dark, cool place when not in use.
2.1.1. Heat Treatment of Samples
In addition to sampling the headspace of samples maintained
at room temperature, all four samples were heated to investigate
the effect of temperature on the overall aroma profile. 1.5 mL of
each of the liquids was placed into three separate 25.0 mL clean
stoppered volumetric flasks. For the dried herb, 1.5 g was trans-
ferred into a clean 25.0 mL volumetric flask, and the neck
plugged with some quartz wool and then stoppered. Samples
were placed in a water bath for 1 h at 50 °C. After cooling to room
temperature, the headspace was extracted as described in
section 2.2. Samples were similarly obtained on fresh sample
aliquots after heating at 75 °C for 1 h, and lastly after heating at
95 °C for 1 h.
2.2. Headspace Sampling using MCTs
Polydimethylsiloxane (PDMS) multi-channel traps were pre-
pared according to the method described by Ortner and
Rohwer.12 The glass desorption tube (17.8 cm long, 4 mm I.D.,
6 mm O.D.) fits a commercial thermal desorber (Gerstel TDS 3),
and 22 channels of silicone tubing (0.3 mm I.D. and 0.64 mm
O.D., Sil-tec, Technical Products, GA, USA) were inserted into
the tube. The length of the PDMS section inside the trap was
55 mm. The traps were conditioned before use.
Headspace samples were obtained by attaching a clean
syringe with rubber tubing to the MCT. The contents of the
headspace were then trapped on the PDMS channels as the
volume of headspace was pulled through the trap into the
syringe. All of the headspace extractions were performed at
room temperature (20 °C), including the samples that were
heated. Once the desired volumes were extracted, as detailed in
the sections to follow, each trap was sealed on each end with
glass stoppers by means of Teflon connectors, and was stored in
a cool dark place until analysis. For the dried herb samples, the
volatiles were not easily captured at room temperature, so an
approach of heating 2.5 g of dried herb in a vial covered with
quartz wool, in a water bath at 35 °C for 1 h was undertaken. The
headspace extraction using this method for the dried herb
proved better in yielding results in the olfactory analysis.
2.3. Olfactory Analysis
The first analysis was performed on all four samples individu-
ally as sampled at room temperature. 250 mL of headspace was
extracted and collected onto the traps for the two essential oils
and the oleoresin. 500 mL of the headspace was collected for the
dried herb sample, due to its lower whole aroma intensity. The
custom-built off-line sniffing apparatus consisted of a
thermostated, temperature-controlled oven, with a sniffing port
for a blank trap as well as one for the trap loaded with the sample
of interest. The traps were heated from room temperature to
200 °C at 10 °C min–1 with a nitrogen gas flow of 20 mL min–1.
Sniffing was done in a ventilated room by a non-smoking person.
The temperature at which a specific aroma was perceived as well
as the intensity was noted. Each rosemary preparation was
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Figure 1 Cross-section (A) and side view (B) of the PDMS multi-channel trap.14
sampled and analysed in duplicate. Roasted coffee beans were
used to refresh the senses between analyses. The time taken for
each analysis was approximately 17 min.
The same method was followed for the analysis of the four
heat-treated samples (described in section 2.1.1). Here only
100 mL of the headspace was extracted and collected for the two
essential oils and the oleoresin. For the dried herb, 200 mL
headspace was collected.
2.4. GC-TOFMS
5 mL of the headspace of all four samples were collected onto
PDMS traps at room temperature prior to analysis by
GC-TOFMS (LECO Pegasus 4D, LECO Corporation, St Joseph,
MI, USA) run in one-dimensional mode for the initial analysis.
The system was combined with a Gerstel thermal desorber (TDS
3) and an Agilent 7890 GC.
The TDS transfer line temperature was set to 280 °C and the
PDMS traps were heated from 30 °C to 250 °C at 30 °C min–1 to
thermally desorb the headspace samples. The desorption flow
rate was 80 mL min–1 at a vent pressure of 30 psi using helium
(Helium UHP, Afrox, Gauteng, South Africa). Cryogenic focus-
ing was performed using liquid nitrogen at –100 °C. After
desorption, a splitless injection (purge on after 2 min, purge flow
of 30 mL min–1 in solvent vent mode) was performed by heating
the Cold Inlet System (CIS) to 250 °C and maintained at that
temperature for the entire GC run.
A polyethylene glycol based ZB Wax column (60 m × 0.25 mm
ID × 0.25 µm df, Phenomenex, Separations, Randburg, South
Africa) was used as the primary column. The secondary column
was a 95 % dimethylpolysiloxane: 5 % phenyl-arylene based
ZB-5MS (1.190 m × 0.1 mm ID × 0.1 µm df, Restek Corporation,
Bellefonte, PA, USA). The primary oven was programmed from
40 °C (2 min) at 5 °C min–1 to 245 °C (5 min), and the GC run time
was 48 min. The secondary oven was programmed as for the
primary oven but with an offset of +20 °C. The system was
unmodulated, and thus the separation was essentially one-
dimensional. The carrier gas was helium (helium UHP, Afrox,
Gauteng, South Africa) and the velocity of the gas was
1.5 mL min–1 in the constant flow mode.
The MS transfer line was set to 280 °C, and the ion source
temperature was 230 °C. The electron energy was 70 eV in the
electron impact ionization mode, the mass acquisition range was
from 45–450 amu, the detector voltage was held at 1650 V. Ten
spectra s–1 were acquired.
2.5. GCxGC-TOFMS
Volumes of 5 mL of the headspace of all four samples were
collected onto PDMS traps at room temperature and were
analysed using the same instrumental setup described in 2.4
now run in GCxGC mode. Thermal desorption from the PDMS
trap was performed as in 2.4.
The GC conditions were the same as those detailed in Section
2.4 except here the secondary oven was offset by +10 °C and the
modulator temperature offset was 30 °C. The period of modula-
tion was 4 s (hot pulse time 1 s) and 100 spectra s–1 were collected.
Tentative identification of compounds was based on comparison
of mass spectra with a NIST mass spectral library, using a mini-
mum similarity value of 80 % as a match criterion.
3. Results and Discussion
Analytical techniques can be used to bridge subjective, physio-
logical perceptions of aromas and science. This study focuses on
one-dimensional gas chromatography coupled to a mass spec-
trometer (GC-MS) which provides the separation characteristic
of chromatography and the identification tool characteristic of
mass spectrometry. Coupling the results of the one-dimensional
GC-MS to the results obtained from the off-line olfactory analysis
provides data that indicates the identity of compounds responsi-
ble for recorded odours perceived at given temperatures, since
the temperature of elution from the GC oven can be determined
from the retention times of identified compounds. A different
sort of chromatogram based on volatility can then be pieced
together by aligning the data from the analytical science and
the sensory science. Comprehensive two-dimensional chroma-
tography coupled to a time of flight mass spectrometer
(GCxGC-TOFMS) provides identities of compounds and highly
efficient separation. This technique was thus used for the tenta-
tive identification of compounds in the headspace using mass
spectral libraries. Qualitative information based on relative peak
areas provided useful comparative data.
The PDMS traps were highly effective at sampling the aroma
of the rosemary samples. The smell of the silicone rubber
channels could only be perceived at high temperatures >190 °C.
The smell of the silicon rubber was easily identified when using a
blank PDMS trap as a reference in the other sniffing port. No
deterioration of aromas was observed when headspace extrac-
tions had been sealed in a PDMS trap and stored in a cool place
for a few days prior to olfactory analysis.
During the olfactory analysis it was found that the essential oil
samples had a finer aroma in agreement with Boelens.6 The
aroma of the dried herb was considerably different from the
liquid samples; having a grassier, farmyard and woody aroma.
This is due to the loss of many aroma active compounds in the
preparation of the dried herb from fresh rosemary. Overall, the
oils had a dominant menthol aroma, with prominent eucalyptus,
bark and camphor notes. An overall impression of the aroma of
samples maintained at room temperature is given in Fig. 2.
Overall in the heat-treated samples, the intensities of the
aromas perceived at low temperatures decreased, and the inten-
sity of the aromas perceived at higher temperatures was
increased relative to the initial olfactory analysis of non-heat-
treated samples. Heating the samples was valuable since the
overwhelming menthol aroma subsided in the oleoresin and
oils, thus finer aromas such as citrus peel, smoked ham and must
were perceived. The loss in fresh pine, lemongrass and eucalyp-
tus smells suggest, as with the dried herb results, that the
amount of eucalyptus and pine aromas in the sample were not
entirely crucial to the true aroma of rosemary. This is especially
true for applications such as cooking where the rosemary
products will be heated. The dried herb aroma did not change
significantly with the heat treatment, as a result of the processing
the herb undergoes during manufacture. A bubble plot of the
change in intensities of aromas as the samples were heat-treated
is given in Fig. 3.
The GC retention times and correlating oven temperature of
the compounds tentatively identified by GC-MS coupled to the
olfactory analysis pinpointed which compounds were responsible
for the perceived aromas. The possible compounds responsible
for given aromas at specific temperatures are listed in Table 1.
A chromatogram from the GCxGC-MS analysis is given in
Fig 4. The compounds identified in the four samples that were
likely to be responsible for the whole aroma of the herb are listed
in Table 2, with the identified differences between samples given
in Table 3. Siloxanes, as a result of the PDMS traps, could be easily
identified and removed from the data. Slight column bleed was
observed due to the age of the columns. The efficient separation
in both dimensions illustrates the usefulness and power of
GCxGC-MS in complex odour analyses. The 2D chromatograms
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were slightly overloaded and wrap around was observed. The
difficulty in working with aromas is that odour thresholds
always need to be considered. A compromise needs to be met in
terms of overloading so that some of the compounds present in
low concentrations, which are highly odour-active, can be posi-
tively identified at the expense of overloading. Dilution studies
should thus be considered in future work.
Compounds with the character of the aromas perceived in the
olfactometry analysis were present in the samples’ headspace.
Compounds of note that were particularly distinguishable
during the olfactory analysis were eucalyptol, pinene (~- or Ä-
isomers), camphor and limonene. The relative percentage areas
are given to provide an indication of the relative concentration
in the sample. The difference in relative peak area between the
essential oils and the dried herb proved why there was much
less of a pine needle and fresh aroma in the dried herb. The
apparent loss of limonene in the dried herb was also perceived
during the olfactory analysis by the lack of peppery and citrus
fruit aromas such as grapefruit and citrus rind that had been
smelt in the liquid samples. The lower relative percentage area
for phellandrene in the oleoresin and the dried herb compared
to the essential oils pointed toward the lack of pepper (lavender)
and citrus – green aromas (such as lemongrass, and citrus rind).
Curiously, the dried herb sample was the only sample contain-
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Figure 3 Bubble plot reflecting the changes in intensities of aromas after heat treatment of a rosemary essential oil. The temperature reflects that of
the MCT in the sniffing apparatus.
Figure 2 Bubble plot of the olfactory analysis of all four non-heat treated rosemary samples, with aroma indicators listed below and bubble size
indicating the perceived intensity of aroma. The temperature reflects that of the MCT in the sniffing apparatus.
ing verbenone, which has been reported to bear the characteris-
tic odour of rosemary.6 Verbenone standards should be used in
future work to confirm this finding.
Having tentatively identified likely key odourants in the
samples, further studies using standards need to be undertaken
prior to blending of compounds to recreate the aroma. GC-FID is
a useful separation tool and can also be used to trap individual
aroma compounds, as described in the aroma studies of UHT
milk volatiles.14 These trapped peaks can be subsequently
analysed with the olfactory apparatus at a later stage, allowing
for longer assessment of the odour and thus more accuracy and
less nose fatigue. Trapping of the peaks also accommodates the
study of synergistic, antagonistic and additive effects between
compounds. This forms a part of the future work leading to the
recreation of rosemary aroma ab initio based on the relative
percentage peak areas as a starting point.
4. Conclusion
The use of the PDMS multi-channel traps to extract headspace
from four different samples of rosemary was successful for both
GC and olfactory analysis. The MCTs were effective at retaining
the aromas of the samples without interfering with the olfactory
analysis. The MCTs also did not compromise the integrity of the
GCxGC-MS analysis, with the efficacy of the technique seen in
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Figure 4 The GCxGC-MS chromatogram of 5 mL dried herb headspace analysis using a PDMS trap
Table 2 The compounds, tentatively identified by GCxGC-MS, common
to all four rosemary samples with corresponding relative percentage
peak areas
Compound Relative % peak area
Essential oil 1 Essential oil 2 Oleoresin Dried herb
Cymene 2.04 1.30 1.56 0.01
Sabinene 1.40 0.17 0.20 0.02
Camphor 2.96 2.55 4.79 2.16
Pinocarveol 0.02 0.01 0.02 0.02
Pinene 13.90 17.27 25.74 5.66
Copaene 0.01 0.02 0.02 0.07
Limonene 7.40 4.18 5.01 0.27
Eucalyptol 16.00 22.45 10.46 15.71
Borneol 0.18 0.23 0.44 0.49
Humulene 0.02 0.01 0.01 0.05
Trans-ocimene 7.04 0.16 2.78 0.03
Terpinene 1.80 0.78 0.16 0.12
Alpha-linalool 1.08 0.22 0.11 0.08
Bornyl acetate 0.20 0.11 0.31 0.23
Terpinen-4-ol 0.08 0.06 0.06 0.13
Caryophyllene 0.15 0.29 0.44 0.83
Terpinolene 0.50 0.27 0.32 0.03
Terpineol 1.76 0.24 0.33 0.59
Calamenene 0.01 0.01 0.00 0.01
Camphene 5.69 3.84 7.27 1.73
Phellandrene 1.20 1.37 0.22 0.07
Table 1 The identities of possible compounds responsible for aromas perceived in the olfactory analysis of rosemary samples
MCT temperature (°C) Aroma Possible compounds
<70 Pine, herb, fresh, floral Pinene, phellandrene, trans-ocimene
75 Eucalyptus, bark, lavender Eucalyptol, linalool
80 Lemongrass, herbal Limonene
90–100 Mint, fresh Fenchone
90–100 Citrus rind, tropical Terpinolene, cymene
115 Menthol 1, 3, 8-Menthatriene
140 Woody, spicy, musky Caryophyllene, bornyl acetate, terpinen-4-ol, gurjunene
150 Dusty, wood Pinocarveol, borneol, muurolene, pinocarveol
160 Sweet, musk Calamenene, cadinene
the sufficient separation of compounds known to be odour-
active. The beauty of this sampling technique is the ease with
which the headspace can be sampled, and the ‘clean’ analysis
since liquid sample introduction is avoided. The interference of
solvent and formation of artefacts was avoided by using this
simple, cheap and environmentally friendly sample preparation
technique.
The aroma of rosemary is the result of many complex interac-
tions of hundreds of compounds. The most prevalent aroma
compounds were determined using GC-MS and GCxGC-MS.
These were found to be mainly terpenes, with high concentra-
tions of compounds such as eucalyptol, camphor and pinene.
These results are all in line with the previous work on the aroma
profiles of essential oils.3,6,15 Small discrepancies were found
between the composition of the essential oils and the oleoresin.
These differences are useful in directing the improvement of the
oleoresin aroma profile.
The techniques used in this study were sensitive enough to
recognize compounds of both high and low concentration. It
was important that separation be efficient enough so that the
compounds of low concentration with low odour threshold
values could be tentatively identified, such as gurjunene,
calamene and thujone. Two-dimensional gas chromatography
provided the separation required to identify the preliminary list
of odorants.
The compounds tentatively identified by GC-MS generally
have aromas that are aligned with the fresh, cooling aroma of the
rosemary samples. The few exceptions such as trans-ocimene,
caryophyllene and citronellol are compounds that could possibly
be involved in synergism or masking. Trapping of peaks using
the GC-FID fraction collection setup would be useful for uncov-
ering the effects that are difficult to predict and identify in such
complex mixtures.
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Table 3 Differences in compounds tentatively identified using GCxGC-
MS as likely to be responsible for the aroma of rosemary, including
relative percentage peak areas
Compound Essential oil 1 Essential oil 2 Oleoresin Dried herb
m-Cymene 0.41 – – –
Alpha-myrcene 1.01 0.53 1.09 –
Fenchene 1.76 – 0.07 –
3-Carene 2.17 0.03 1.49 –
Fenchone 0.02 – 0.02 –
3-Thujanone 0.20 – 0.04 –
Thujone 0.06 – – –
Isobornyl 0.07 – – –
formate
Gurjunene 0.02 – – –
3-Thujene – 0.31 0.28 –
Isoborneol – 0.06 0.09 –
Muurolene – – – 0.03
Cadinene – 0.02 0.02 0.16
Citronellol – 0.01 – –
Verbenone – – – 0.02
p-Mentha- 0.47 – – –
1,3,8-triene
